
Prestack depth migration with acoustic screen propagators

Lian-Jie Huang� and Ru-Shan Wu, Institute of Tectonics, University of California, Santa Cruz

Summary

We develop a prestack depth migration method for

common-shot gathers using the wide-angle-screen and

phase-screen propagators as recursive downward wave

extrapolators. These screen propagators are acous-

tic one-way wave propagators carried out in the dual-

domain (wavenumber-space domain). The proposed

migration method takes into account lateral veloc-

ity and density variations and implements exactly the

transversal Laplacian operators in the acoustic wave

equation. It has fast computational speed due to the

use of fast Fourier transform algorithm. Another ad-

vantage of the method is huge memory saving com-

pared to �nite-di�erence or ray tracing based meth-

ods. The phase-screen migration is also uncondition-

ally stable. Because of these advantages, the screen

prestack depth migration method may enable the large

3D prestack migration to be implemented within a rea-

sonable CPU time on a supercomputer. The feasibility

of the method is demonstrated by migrating synthetic

data generated by a �nite-di�erence algorithm.

Introduction

Prestack depth migration is an important and e�ective

tool for imaging complex subsurface structures. Exist-

ing migration methods are implemented in either the

time domain or the frequency domain. In the latter

case, the propagation can be in the wavenumber do-

main or the wavenumber-space dual-domain. Prestack

reverse-time migration is a time domain method in

which wave �elds are generally extrapolated by a

�nite-di�erence scheme (e.g. Chang and McMechan,

1990). Another kind of time domain methods is based

on the Kirchho� integral and ray tracing (e.g. Hu and

McMechan, 1986). Finite-di�erence and ray tracing

methods are both so time-consuming that the cor-

responding prestack migration methods are currently

not realistic to large 3D imaging problems. Another

problem of these methods is their requirements of huge

computer memory size. The phase-shift migration

developed by Gazdag (1978) is implemented in the

frequency-wavenumber domain and has the attractive

advantages such as exactly implementing the transver-

sal Laplacian operators in the wave equation, uncon-

ditionally stability as well as fast computational speed

bene�ted from using a fast Fourier transform (FFT)

algorithm. However, the method uses a constant ve-

locity of each depth interval and cannot handle lat-

eral velocity variations. The phase-shift plus inter-

polation (PSPI) was hence developed by Gazdag and

Sguazzero (1984) as one way to handle lateral veloc-

ity variations. It is a dual-domain method. Several

constant references velocities are used in the PSPI to

perform phase-shift migrations for each depth interval

and the corresponding migration results are interpo-

lated to yield the �nal migrated image. The PSPI

would be very time-consuming for imaging large 3D

complex structures because many reference velocities

have to be selected for these cases. Another exist-

ing dual-domain migration method is the split-step

Fourier migration introduced by Sto�a et al. (1990)

for post-stack migration to take into account lateral

velocity variations while retaining the advantages of

the phase-shift migration.

The wide-angle-screen and phase-screen propaga-

tors are one-way wave propagators for acoustic waves

in heterogeneous media. They are carried out in the

dual-domain and have been recently used for model-

ing primary re
ections (Wu and Huang, 1992, 1995;

Wu et al. 1995). We use these propagators as recur-

sive downward wave extrapolators from sources and re-

ceivers to develop a prestack depth migration method

for common-shot gathers. The method takes into ac-

count lateral velocity variations as well as lateral den-

sity variations. It has fast computational speed due to

the use of a FFT algorithm and requires much smaller

computer memory size than time domain methods be-

cause it needs only to store the wave �eld at one depth

level in a 3D medium rather than wave �elds at all

depth levels during the wave �eld extrapolation at each

depth level. We �rst brie
y present the formulation

of the wide-angle-screen and phase-screen propagators

and give the imaging condition. Numerical examples

are then given to demonstrate the feasibility of the

method. The application of the method to 3D cases is

ongoing and the results will be presented in the near

future.

Acoustic wide-angle-screen propagator

The wave equation for heterogeneous acoustic media

is given by

r �
1

�
rP +

!
2

�
P = 0 ; (1)

where P is the pressure, � is the medium density,

� = �v
2 is the bulk modulus of the medium with

velocity v, and ! is the circular frequency. Under
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the screen approximation, the interaction of hetero-

geneities within a thin-slab from depth zi to zi+1 with

the wave �eld is approximated by the interaction of

the e�ective heterogeneities of a screen at zis located

at the center of the thin-slab (cf Figure 1 for the 2D

case). We �rst discuss the case of the downward prop-

agation from a source. Starting from equation (1),

taking the de Wolf approximation and the screen ap-

proximation yields the dual-domain expression for the

forward scattered pressure �eld Ps(KT ; zi+1) at the

depth zi+1 (cf Wu and Huang 1995 for the formula-

tion under the de Wolf approximation)

Ps(KT ; zi+1) =
i

2kz
k
2
(zi+1 � zi)e

ikz(zi+1�zis)�Z
["�(xT ; zis)P0(xT ; zis)]e

�iKT �xT d
2
xT (2)

+
i

k
k̂ �

Z
["�(xT ; zis)rP0(xT ; zis)] e

�iKT �xT d
2
xT

�
;

where

kz =
p
k2 �K

2
T ; (3)

k̂ =
1

k
(KT ; kz) : (4)

The dependence on ! has been and will be omitted in

the following except otherwise explicitly indicated. In

the above equations, KT denotes the transverse com-

ponent of wavenumber and k = !=v0 is the wavenum-

ber where v0 is the velocity of a background medium.

xT is the horizontal component of the position vector

x. "�(xT ; zis) and "�(xT ; zis) are respectively given

by

"�(xT ; zis) �
�0(zis)

�(xT ; zis)
� 1 ; (5)

"�(xT ; zis) �
�0(zis)

�(xT ; zis)
� 1 ; (6)

where �0 and �0 are the density and bulk modulus of

the background medium, respectively. The incident

�eld P0(xT ; zis) and its gradient rP0(xT ; zis) at the

screen zis are respectively calculated from the pressure

�eld at zi using the equations

P0(xT ; zis) =
1

4�2

ZZ
P (KT ; zi)e

ikz(zis�zi)

e
iKT �xT d

2
KT (7)

and

rP0(xT ; zis) =
ik

4�2

ZZ
k̂P (KT ; zi)e

ikz(zis�zi)

e
iKT �xT d

2
KT : (8)

The wave �eld at depth zi+1 is then given by

P (xT ; zi+1) = P0(xT ; zi+1) + Ps(xT ; zi+1) ; (9)
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Figure 1: Schematic illustration of a screen model in the

2D case.

where P0(xT ; zi+1) is obtained by

P0(xT ; zi+1) =
1

4�2

ZZ
P (KT ; zi)e

ikz(zi+1�zi)

e
iKT �xT d

2
KT : (10)

Therefore, the downward propagating wave �eld at

depth zi+1 can be calculated from the downward prop-

agating wave �eld at depth zi using equations (2){(10).

This procedure can be written as

P (xT ; zi+1) =W fP (xT ; zi)g ; (11)

whereW is called the acoustic wide-angle-screen prop-

agator. The wide-angle feature of the propagator has

also been numerically demonstrated (Wu and Huang,

1995).

For downward propagation of wave �elds from

common-shot gathers, the same procedure as above

is used but the acoustic wide-angle-screen propagator

W is replaced by its complex conjugate.

Acoustic phase-screen propagator

Under the small-angle approximation, the wide-angle-

screen propagator can be simpli�ed to further speed

up the computation speed (cf Wu and Huang, 1992,

1995 for the case of constant density media). In this

case, the downgoing wave �eld is given by

P (KT ; zi+1) = e
ikz(zi+1�zis)ZZ

P0(xT ; zis)e
ikSv(xT ;zis)e

�iKT �xT d
2
xT ; (12)

where P0(xT ; zis) is obtained from P (xT ; zi) using

equation (7) and Sv is de�ned by

Sv(xT ; zis) �
1

2
(zi+1 � zi) ["�(xT ; zis)� "�(xT ; zis)] :

(13)
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Utilizing equations (12) and (7) and taking the inverse

Fourier transform over KT , the downward propagat-

ing wave �eld at depth zi+1 is extrapolated from the

wave �eld at depth zi. This procedure for downward

propagation of wave �elds from a source can be written

as

P (xT ; zi+1) = P fP (xT ; zi)g ; (14)

where P is termed the acoustic phase-screen propaga-

tor. Its complex conjugate is the acoustic phase-screen

backward propagator for wave �elds from common-

shot gathers.

For the case of constant density, equation (13) can

be written as

Sv(xT ; zis) =
1

2
(zi+1 � zi)

(�
v0(zis)

v(xT ; zis)

�2
� 1

)
:

(15)

Under the approximation of [v0(zis)=v(xT ; zis) + 1] �

2, equation (15) becomes

Sv(xT ; zis) � (zi+1 � zi)

�
v0(zis)

v(xT ; zis)
� 1

�
: (16)

Then the corresponding phase-shift term in equa-

tion (12) is the same as that used in the split-step

Fourier migration method (Sto�a, et al., 1990).

Imaging condition

Let P+(x; y; z;!) be the downgoing wave �eld prop-

agating from a point source and P�(x; y; z;!) be the

upgoing wave �eld backpropagating from a common-

shot gather. We use the imaging condition given by

(Mittet et al. (1995) )

MS(x; y; z) = �

Z
i!P+(x; y; z;!)P

�

�
(x; y; z;!)d! ;

(17)

where \�" denotes the complex conjugate. The �nal

migrated image for common-shot gathers is

M(x; y; z) =

NshotX
S=1

MS(x; y; z) ; (18)

where Nshot is the total number of shots.

Numerical examples

A �nite-di�erence scheme solving the acoustic wave

equation was used to generate synthetic data for a

model de�ned on a 512� 200 lattice with a grid spac-

ing of 5m in the horizontal and vertical directions (cf

Figure 2). The pressure sources with a Ricker's time

history were located at grid sites (128, 1), (192, 1),

(256, 1), (320, 1), and (384, 1), as indicated by stars

in Figure 2. The Ricker's time history has a dom-

inant frequency 10Hz, an amplitude 1.0 and a time

delay 0.2s. Receivers were put at all grid points at the

upper boundary of the model. In the following migra-

tion examples, each trace of seismograms has 512 sam-

ples with a time sample interval 4ms. The frequency

range used in migration is 0{20Hz with 40 frequency

components. A cosine taper with a length of 20 grid

points was applied at the left and right boundaries of

the model to eliminate the boundary e�ects. In the

�rst example, the velocities and densities of the 3 lay-

ers of the model are v1 = 2200m=s, v2 = 2100m=s,

v3 = 2200m=s, �1 = 1:65g=cm3, �2 = 1:50g=cm3,

�3 = 1:65g=cm3, respectively. Hence �1=�2 = 1:21

and �1=�2 = 1:10. The wide-angle-screen migration

and the phase-screen migration were respectively per-

formed for each common-shot gather. The �nal mi-

grated images are displayed in Figure 3(a) and (b), re-

spectively. Both interfaces are well migrated by both

methods.

Next is a constant density example. The velocities

of the 3 layers of the model are v1 = 2572m=s, v2 =

2100m=s, v3 = 2572m=s, respectively. The densities

of the 3 layers are all 1.50g=cm3. Hence �1=�2 = 1:50

and �1=�2 = 1:0 . The corresponding migrated images

are shown in Figure 4.

The above computations were made on a SUN

SPARCstation 4. The average CPU time per fre-

quency component is 6.7 seconds for the wide-angle-

screen migration and 4.7 seconds for the phase-screen

migration. The e�ciency of the phase-screen migra-

tion can be further improved by using a larger depth

interval because of its unconditionally stability.

Conclusions

We have developed an acoustic prestack depth migra-

tion method using the wide-angle-screen and phase-

screen propagators. The method is implemented in

the dual-domain and has advantages of fast compu-

tation speed and less computer memory size require-

ments. It has 
exibility of selecting an interested fre-

quency range for migration. The phase-screen migra-

tion method is also unconditionally stable. Numeri-

cal examples show that the method can properly take

into account the lateral velocity and density variations.

The computation for each frequency can be made inde-

pendently and, therefore, the migrations for di�erent

frequencies can be performed in parallel.
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Figure 2: Illustration of a model used for migration.

The stars represent the positions of pressure sources.
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Figure 3: Prestack depth migration results using the

wide-angle-screen propagator (a) and the phase-screen

propagator (b). �1=�2 = 1:21, �3 = �1, �1=�2 = 1:10,

�3 = �1.
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Figure 4: Prestack depth migration results using the

wide-angle-screen propagator (a) and the phase-screen

propagator (b). �1=�2 = 1:50, �3 = �1, �1 = �2 =

�3 = 1:50.


